The occupational annual dose levels, encountered at fabrication of emerging nuclear fuels, have been studied. Emerging fuels for the single and multiple recycling of Pu and MA have resulted in considerably higher gamma and neutron doses in comparison with commercial fuels. The occupational dose limit is exceeded at fabrication by a single fuel rod in all fuel cases with 241 Am and Cm isotopes present in their composition. In the absence of these isotopes, 2 -4 adjacent fuel rods are sufficient to exceed the limit. Self-shielding within the fuel reduces significantly only the gamma dose that would have been delivered otherwise. Hence, only the first row of fuel rods in an assembly contributes to the dose, whereas in the case of neutrons, all fuel rods contribute.
INTRODUCTION
The management of nuclear waste, whether as spent nuclear fuel discharged from reactors or high-level waste from the reprocessing of this fuel, is confronted with the radiotoxicity potential owing to transuranium (TRU) isotopes in the waste. Hence, the possibility of partitioning TRU isotopes out of the waste and transmuting them into less hazardous isotopes, relying on existing nuclear power stations, has been proposed and studied (1 -5) . In this context, 'oncethrough cycle' or 'self-generated' recycling strategies have emerged as potential partitioning and transmutation (P&T) fuel cycles of minor actinides (MA), namely neptunium (Np), americium (Am) and curium (Cm), and plutonium (Pu). The inclusion of Pu and MA in a uranium oxide matrix fuel, for their subsequent recycling, is expected to increase the radiation dose levels associated with such fuels at fabrication. Knowledge of these dose levels would allow measures to be conceived for the handling of such fuels during fabrication, packaging, delivery and loading to reactors.
In this work, occupational radiation dose levels, due to the gamma rays and neutrons emitted by single rods of such fuels, have been calculated for different single and multiple recycling schemes. They are subsequently compared with the dose levels encountered at fabrication of fuels in existing commercial fuel cycles. The effect on the dose, owing to self-shielding effects within the fuel itself, attenuation in the cladding and screening between the fuels, is considered in the calculations and assessed. The necessary calculations have been performed using the Monte Carlo N-Particle code MCNPX (6) .
MATERIALS AND METHODS

Nuclear fuels considered
Emerging nuclear fuels in the nuclear reactors pressurised water reactor (PWR) and liquid metal fast breeder reactor (LMFBR) have been considered, within the nuclear waste management option of the P&T of TRU. Existing commercial fuels, in the same reactor types, have been included in the study for comparison purposes. The following are the compositions of the fuels, 'at fabrication', considered (Table 1) Am for their heterogeneous transmutation in LMFBR (T3 and T4); (2) Self-generated recycling schemes: self-generated Pu and TRU recycle in PWR (S1 and S2), and self-generated TRU recycle in LMFBR (S3); (3) Commercial fuels: 3.5 % of 235 U-enriched U fuel and MOX UPu in PWR (R1 and R2), and MOX UPu in LMFBR (R3).
The plutonium, used in the PWR-and LMFBR-MOX fuel cases R2, R3, T1 and T2, was a 1st-generation Pu from the PWR-U case R1 (55 GWd tU 21 ). The isotopic composition (wt %) of Pu retrieved from the reprocessing of a spent fuel with 1.5 y of cooling time is 238/239/240/241/242 of 3.2/48/24/15.2/ 9.6. In the self-generated recycling schemes (cases S1 -S3), the Pu and TRU compositions in the fuels, at the fabrication stage, are the ones after the 5th recycling step (cases S1 and S2) or the 16th recycling step (case S3). These recycling steps correspond to the periods required in order to achieve 'equilibrium' in the composition of the recycled nuclides of interest in the fuel (7) . At this stage, the amount of nuclides being formed equals the one recycled during irradiation.
The Pu and MA, used in the recycling and transmutation schemes, were retrieved from reprocessing carried out on spent fuel having a cooling time of 1.5 y. Fuel fabrication took place 1 y after the retrieval of Pu and MA, avoiding the build-up of 208 Tl in large amounts.
Computational methodology
The required 1st-generation Pu and the 'equilibrium' Pu and TRU isotopic compositions, after the 5th and 16th recycle steps, were obtained through depletion calculations. The calculations for the PWR fuel cycles were carried out using the module ORIGEN-ARP, which is a zero-dimensional isotope generation and depletion code within SCALE 6.1 (8) , employing nuclear data from the ENDF/B-VI library (9) . Since an LMFBR model is not included in ORIGEN-ARP, the ORIGEN-2.2 (10) depletion code coupled with nuclear data libraries from ENDF/B-V (11) was used for the calculations based on the LMFBR. The depletion calculations were carried out with target burnup values of 55 and 110 GWd tU 21 for the PWR and LMFBR cases, respectively. Photon spectra with energies up to 2.75 MeV and the number of neutrons emitted by the different fuels at fabrication are obtained from these depletion calculations. The photon spectra and neutron emission rates are then used as input to the MCNPX code in order to describe the fuel as the radiation source term in the required dosimetry calculations.
Dosimetry calculations have been performed using the general purpose 3-D MCNPX code coupled with the ENDF/B-VI nuclear data. The physical description of the fuel rods and assemblies for the purpose of this study are given in Table 2 (12, 13) . The calculations were performed on the basis of the composition and certain physical properties (e.g. density and size) of the fuel material and the cladding of the fuel rod. Hence, self-shielding effects within the fuel rod and screening between the fuels are considered in the calculations.
The neutron spectrum emitted by the fuel is modelled with the Maxwellian fission spectrum option of the MCNPX code (6) . The doses (mSv h 21 ), due to the neutrons and photons, were calculated using the F2 and Fm2 tallies coupled with the DE and DF cards. The F2 tally describes the neutron flux over a surface, whereas the D cards convert the absorbed dose to equivalent dose. Calculations were performed with 10 8 histories yielding accuracy on the dose calculations of ,1 %. 
RESULTS AND DISCUSSION
The annual occupational doses from the fuels for the transmutation and self-recycling schemes are compared with the commercial 'once-through' cycles (Table 3) . The comparisons are performed at fabrication, on the basis of a pellet and a fuel rod of the different fuel materials considered in this study ( Table 1 ). The doses are calculated at a distance of 50 cm and 1 m from a pellet and a fuel rod, respectively, at a point symmetrically placed in front of them. An annual occupational limit of 20 mSv is considered (14) , in 2000 working hours per year (15) . The occupational doses, due to either a pellet or a fuel rod, are increased considerably, in the recycling and transmutation schemes, owing to the inclusion of Pu and MA in the fuel. Hence, the gamma dose in the fuel cases (S2) and (T2, T3 and S3) is higher than R2 and R3, respectively. Furthermore, the inclusion of the Cm isotopes has increased the neutron dose in cases S2 and S3. The presence of 241 Am (t1 2 ¼432.2 y) in particular and self-generated multiple-recycled Pu (fuel cases T3 T2, S3 and S2) render the highest doses ( Table 3) .
The dominance of 241 Am is demonstrated in fuel case T2, with the dose being four times higher than that of R3. This is due to the 1 % 241 Am present in the former, despite the fact that both these LMFBR-MOX fuels have nearly the same Pu content. Furthermore, the 20 % 241 Am content in T3 renders the highest doses of all recycling cases with Pu and MA, by factors ranging from 6 to 50. The highest gamma dose occurs from material T3 with the highest amount in 241 Am, followed by S3 (high amount of self-generated multiple-recycled Pu and 241 Am), T2 (high amounts of Pu and 241 Am) and S2 (low amount of self-generated multiple-recycled Pu and 241 Am). Cases T1 and R3, without any 241 Am, are comparable on the basis of their Pu content. Fuel cases R1 and T4, without Pu and 241 Am, render doses lower by at least two orders of magnitude.
Besides
241 Am, the self-generated multiple recycling schemes show a higher dose than their corresponding 'once-through' cases (S2 over R2 and S3 over R3) owing to their different Pu isotopic composition. Multiple recycling of self-generated Pu in a PWR results in a composition of Pu where the even isotopes have been significantly increased. The increase in 238 Pu (t1 2 ¼87.74 y) by 3 times contributes significantly to both gamma and neutron doses. The soft gamma rays from the Pu isotopes and 241 Am, which are the main contributors to the dose, can be easily shielded by 1-mm lead (Pb).
The handling of a single PWR or LMFBR fuel rod at fabrication encounters doses which exceed, in fuel cases T2, T3, S2 and S3, the occupational dose limit by factors up to 30 (Table 3) . Cases R3 and T1 would exceed the dose limit if two rods are adjacent, whereas four adjacent rods would be required in fuel cases R2 and S1. However, the soft gamma spectrum is again easily shielded by thin Pb (2-4 mm). The occupational neutron dose limit is exceeded in the case of single fuel rods from fuel cases S2 and S3 owing to their Cm content. This would demand a shielding of polyethylene up to 15 cm. In all other cases with Pu, 13-30 rods are needed in order to exceed the occupational limit.
The effect of self-shielding by the fuel material and the shielding by the cladding as well as of the shielding by adjacent rods is shown in Figure 1 , for the fuel case S3. The gamma spectrum emitted by the fuel rod is considered, under the assumption that there is no absorption within the fuel material, the cladding (void/ void) and adjacent rods. The self-absorption of the lower gamma energies is clearly indicated when only cladding and U/cladding are included in the calculations (void/cladding and U/cladding). The shielding by the presence of 1 or 2 rods in front of S3 further reduces the low gamma energies (þ1 rod and þ2 rods). The outcome is of particular importance considering Figure 1 . Shielding effect on the gamma spectrum emitted by the fuel rod in case S3.
NUCLEAR FUEL DOSIMETRY
that the number of low-energy gammas is 3 orders of magnitude higher than the other energies. The neutrons arriving at the point of interest are reduced by 3 % owing to self-shielding with the fuel rod. Fuel rods, prior to their loading into a reactor, are assembled together to form a nuclear fuel assembly. Modelling with MCNPX has indicated that the first row of fuel rods contributes to 99 % of the gamma dose at 1 m from the assembly. The self-absorption within the assembly results in a gamma dose of 15 times lower than the one with each row of fuel rods contributing equally. Regarding the neutron emission by the assembly and its contribution to the neutron dose, self-absorption within the assembly is less significant now. Hence, there is a contribution by all fuel rod rows, whereas each one shields the one behind by 3 %.
The above-mentioned analyses have been performed at 1 y after reprocessing. Hence, the build-up of the thallium isotope 208 Tl (t1 
CONCLUSIONS
The annual occupational radiation dose levels associated with the handling, at fabrication, of emerging nuclear fuels has been studied. The inclusion of Pu and MA for their single and multiple recycling in PWR and LMFBR has resulted in elevated gamma and neutron doses in comparison with commercial fuels. On the basis of a single fuel rod, the occupational dose limit exceeded in all fuel cases with 241 Am and Cm isotopes in their charge composition. In the absence of 241 Am, 2 -4 fuel rods are required in the recycling and transmutation schemes to exceed the limit. The use of freshly purified plutonium will give rise to a spectrum dominated by soft gamma rays, which is easily shielded by 1-2-mm Pb, whereas the growth of 208 TI is avoided. Self-shielding within a fuel rod reduces significantly only the gamma dose that would have been delivered otherwise. Hence, only the first row of the fuel rods within an assembly contributes to the dose. On the contrary, all fuel rods in the assembly contribute to the dose owing to neutrons. The handling of a single emerging nuclear fuel rod would require a shielding of Pb up to 4 mm and of polyethylene up to 15 cm depending on the amount of Pu, Am and Cm.
In a production line, with several fuel pellets and rods been handled to fabricate rods and assemblies, fissile material mass balance and the geometrical setup of their handling (16) would influence the occupational dose and hence the necessity of any shielding. Hence, on safety grounds, besides criticality prevention measures, radiation protection could be envisaged during powder preparation, manufacture and non-destructive testing of pellets, fuel rods and assemblies, and MOX scrap recovery (17) .
